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DESIGN OF THE ZVH VACUUM LINER.

Peter P.

Prince and Robert S. Dike

Los Alamos Nafttonal Laboratory
Los Alamos, New !llexico 87545

ABSTRACT

The current status of the ZTH vacuum liner
is covered by this repott.
experiment to be tastalled in the CPRF (Confinement
Physics Research Facility) at the Los Alamos National
Laboratory and {s scheduled to be operational at the
rated current of 4 MA in 1992. The vacuum vessel has a
2.4%m major radius and a 40 cm minovr radius. Operating
parameters which drive the vacuum vessel mechanical
destgn {nclude a 300 C bakeout temperature, an armour
support system :capable of wirhstanding 23 kV, a high
toroidal reststance, 1250 kPa magnetic loading, a 10
minute cycle time, and high postrional accuracy with
respect to the conducting shell, The vacuum vessel
design features which satisfy the operating paramerers
are defined. The liner is construcred of TInconel 62%5
and has a geometry which alternates sections of thin
valled bellows with tigid ribs. These composite
sectious span between palrs of the |6 diagnostic
stacions to complete the rorus. The thin bellows
sections maximize the liner toroidal restistance and the
ribe provide support and positicnal accuracy for the
ammoutr {n vrelation to the conducting shell. Heat
transfer from the vessel is controlled by a blanket
wrap of ceramic fiber insulation and the heat flux is
dissipated to a water cooling jacket in the conducting
shell,

design
ZTH will be the first

Design Requirements

From an engineering design viewpoint the design
requirements for ZTH can be separsved into two groups.
Tahle 1., The most {important group, the primary re-
quiremencs, determines the nature of the liner
geometry, If one of these parzmeters were to change it
{s possible that the gaometry which satisfied the new
parsaeter would be quite dJdtfferent than that of the
original design, For 1instance, 1{f the required
toroidal resistancy were to decrease by a factor of
two, the liner solution would not be restricted to thin
walled bellowas configurations but could include double
walled or thick walled cptions., This impact on design
is not as strong with the secondary requirements, With
the exception of the liner aspect ratio, the ratio of
the minor to major radiue, the secondary requirements
are satisfled by the characterivtics of the ({nnerspace
betwean liner and ashell. A change in one of these pa-
ramscars (say an increase in bakeout twmperatutre) would
not result in & new liner geomotry but could be
sotisfled Dby altering the thermal properties
(decreasing tha thermal conductivity) of the inner-
space.

The solutiong which satisfy the design require-
nents hecome more appa-ent when each oparameter le
Justified by 1its ({mpact on the overall wmechanical
designt

The physics requirement for a high liner toroidal
reslotance ie based on plasma equilidrium culculactons
which predict that to optimize plssma conditiom. the
magnitude of induced tovoidal liner currenis ~hould be
sinimized. Thia benefits the m =hanical design of the

* Work done under the auspices cf the US Department of
Energy.

Table !
DESIGN REQUIREMENTS FOR TIE ZTH VACUUM LINER

PRIMAAY AEQUINEMENTS SECONUARY AEQUINEMENTS

LARGE TOROIDAL BLECTHICAL HESISTANCE 300 ‘C maxeOUT

28 KV 1SOLATION ‘4 ARMOR 3UPPORT 10 MIN REP RATE O & MA
900 KPy MAUNETIC LOADING PLASMA OFFSET FAOM 3HELL

HIOH POBITIONAL ACCUMACY 14 M MAJOR HADIIS

16 AXIS SYMMETAY

40 cm WINOM DIAMETR R

vacuun vessel since the anticipated magnetic loading
due to plasma termination {s alsn dependant on the
magnitude of the toroidal cur:ents. Withour the
benefit of this relationship the light structure
required for the high reslstance would not be
sufficlent to resist the {imposed loading. Current
calculartons for ZTH predict a magnetic loading of
1250 kPa and this in addition to the vacuum louding of
! ATM ts assumed to be the design loading.

Tt 1s also des{rable to limit the current which
deavelops in the armour since large anticipated currents
would require that the arwsour supports be designed to
resist very large magnitudes of magnetic loading. By
providing 128 poloidal gaps between toro’dal sections
and 44 toroidal gaps between poloidsl armour sections
the resistance of the armour {s larger than chat of the
linetr which results in terrination currants flowing i
the liner snd not the armour.

The posicional sccuracy of the liner with respect
to the conductive shel!l {s imporrant because of fleld
error considerations. With some experi{ment designs
this rvequirement does not merit specisl attention as
the wsolutfion s tnherant in the designs. Howaver, in
2TH, since the liner geometry Ls a bellows configura-

tion and since the bellows are nonuniform {n shape,
special (eatures must be provided to align the liner
and armour within tha shell. This 1s done by

alternating solid tvibe with the bellows sections. The

ribs are accurately machined and provide reference
surfaces for both the 4rmour and the shell, This
ensures repeatadble locatinn of the vacuum vesse)! and

greatly reduces the positional
bellows convolutions while
for the armour,

requirements four the
also providing attachment

The symmatry of the liner design (s truly a case
of design by compromise. Although there are many con-
figurations which would satisfy the requivements of the
liner alone, only a few can do so and still supply the
required diagnostic access and intarface w th the
machine support oetructute. In brief, the liner was
designed to supply 16 stationa for diagnostic access
and other charscteristics were selccted in a manner
which minimises conflict with the required accass.

The secondary requirements are satiefied by
uelecting the geometry and thermal characteristics of
the interspace based on thermal analysis of the front
end. This does not {include the aspect ratio of the
liner which was selected to meut physics reyulrements,



The secondary requirements are dependant on the
geometry of the front end and can only be determined
after the configuration that satisfies the primary re-
quirements is known. A large vange of thermal
conductivity is available with the numerous macterials
suitable for use in rhe interspace and this will allow
the thermal response of the front end ro be tailored to
meet varying requirements. The major limitation is the
approximately 250°C continuous use temperature limit of
available electrical fnsulators.

The Design

The 2ZTH liner will be constructed entirely of
Inconel 625 and will be composed of 16 equal bellows
subassemblies and 16 equal diagnostic sections., Each
bellows subassembly consists of 7 equal length bellows
secrions connected by 8 support rings. Figure 1. Wirh
a convolution height of 2.3 em, a pitch length of
2,3 ¢cm and a shkin thickness of 1.6 mm the bellows
geomettry produces a toroidal resistance of 8.3 mill{
Ohms and a stiffness equivalent to a 1.2 cm uniform
wall thickness pipe. The high resfstance 18 a product
of the high resistivity of the Inconel 625 (p = 133 %
107% m-ohm) and the 3000 cm torofdal path length of the

bellows, Analytical calculations 1indicate cthat the
selected bellows configuration coupled with the 128
support rings has sufficie~r gtrength to resisr the

expected loading, but sufftclent uncertainties exist to
warrant a detailed finite element analysis. This ls
particularl; true for the diagnostic sectfons at the
tubulation penetrations.

Besides {ncreasing the stiffness of the liner the
support ringa provide reference surfaces to which the
armour can be attached and by which the liner can be
located with respect to the conductive shell, Figure
2, In addteion at 2 toroidal locations the rings will
{ncorporate a bolt circle and metal O-ring seal to
allow access to the vessel interior for repair. The ID
of the ringas are deeply scalloped to reduce their cross
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Fig. 2. ZTH Liner Derail, Vacuum Seal Section.
section and minimtze rorofdal tluctuation {n liner

rvesistance,

Wirh 128 support rings and 44 tiles per ring, 56132
tiles are required ro prorect the liner. Fortunately,
only the toroidul length of the tiles varies and that
length {s constant for a given polotdai position which
results fn 44 tile atzes.

The overall geometry of the linav and ZTH was uet
by the decision to have 16 dJdilagnnstic stztions. To
{ncorporate this in rthe liner every eighth bellcws
section was replaced by a 6.4 mm thick, sirgle wall,
chord section, diagnostic skin, This skin was chosen
because fts uniform surface enables the diagnostic
rubulationsg to be attached to the liner using
conventional welding technlques. This was an {mportant
factor due to the mechanical loading and thermal
stresses expected In ther location,

Although the liner has 16 axis of symmetry and has
16 diagnostic sectfons, only 1% of the sections wil]
provide diagnostic access. The other seciion ts
located under the gap regtor of the shall where for
structursl and electrical insulation :essons no
penatrations are sllowed rthrough the gap and this
precludes dtagnostic tubulations at this scation,
There are 5 different diagnoetic rtubulation configura=-
tions which occupy the 13 aveiiable diagnostic
stations, Figure 3. All tubulatfons were designed to
minimize the required hole in the conducting shell (n
an effort to reduce the fleld arvors which ocenr due to
fion uniformities in the conductor.

The horfzontal tubulations are one plece tubes,
1.8 mm wall, and are welded to the diagnoatic ekin.
They are of suffictent length to penetrate tha lht+§
and each tube term‘nates with a welded on CONFLA1
flange whi:h a'luwn interface with the diagnnartre, A
aimple hole ¢ provided {n the shall for tubuiations
which are located on the hurizontal ' euterline while a
kayhole and tneerr plste are required for off axis
tubulations. The kayhole te required to enadle the
shell secttiony to paso over the liner tuhulation during

(T) Registered trademark of Jointe Plr.‘r. Induverie,
France.

(T) Registered trademark of Varian Assoclates.
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Fig. 3. ZTH Dlagnostic Statlion Configuracions

assembly and the insert plate is inetalled to regsin
torof{dsl electrical continuity in the shell across the
keyhola,

1f the vane design wetre used for the vertical
tubulations, the shell would have to pass over the
entire tubulattion, Including the CONFLAT flange and the
required ahall hole would he too large. Tnaert plates
ware considered but were rejocted due to structural
cons {derations. As & result a different approuach was
selected which has the tubulat{)ne f¥?|tructod of two
pleces connected with a HELICOZLEX seal. Figure 4,
During shell sssembly the upper portion of the
tubulation which fIncludes the CONFLAT flange 1o
removed. As a result the shell holay only needs to be
large enough to clear the male portion of the
HELICOFLRX acal. After assembly the upper portion of
the tubulacion (s ‘'necalled and the ehell 1o now
captive, Lacking experience with NELICOPLEX sesle the
program  has opted to huild prototypes of these
tubulationa and teet tham for reliabllity. Testing 1s
currently {n progress.

The vacuva liner (interface with the conducting
shell occurs in the {nnerspace region. The (nnerapace
ie the void between the liner OD and the shell 1D, In
ZTH thias space has a nonconstant wideh as the liner
centar {8 offset outboard 12 ma from the shell center,
This shift equala the anticipated Shavfranov ahift of
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Fig. 4. Helicoflex seal arvangement for ZTH vertical
tubularion.

the plasma and results {n the [nnerspace width varying
from a minimum of 1.6 cm at the outboard hortzonral
centerline to & maxfmum of 4 cm at rthe tnboad mfdplune.

The innarspa e region contains the liner
structural supporta, the rhermal and aelectrical
insulation and some electrical diagnostcics. Thesea
components must be carefully selected to sarisfy the
secondary design requirements of Table | while seill
allowing for the tollowink: 25 kV of isolatton hetween
shull and liner, a uniform heat flux from the linar to
the shell to prevent temperature gradients from
thermally stressing the liner, and protection of the
electrical {nsularion from Ctewmperatutres exceeding
259,

To position the liner within the shell crescent
shaped standoffs will be attached rto the liner. The
standoffs will P‘)mndc from a liquid cryscal polymer
such as XYDAR by {njection wmolding and will be
machined to final shape. Figure 5. Due to the thermal
expansion of the minor diameter of the vacuum liner the
standoffs cannot fill rhe innerspace completely, but
must ba undersized by approximately ) am to allow for
the expansion. The liner diameter and the thickness of
the etandoffs have beaen carifully chosen to position
the liner at the proper goul:lon at the defined
operating temperature of 2007C, At temperatures other
than the operating temperature the plasma will have a
thermal shift {(n additf{on ¢n the destred Shavfranov
shift. This also resules {(n all Illner loads Dbeing
reactead to the shall through the inboard and hottom
standoffs as the vertical and outboard standoffs are
not in contact for remperstures below 100°C.

The elecrrical ingulation wiil conalsz of & ¢poxy
based costing on the shell (D to ensure good rhermal
contact wliq) the cooling capacity of the water jacket
and KAPTON {nserts providing (ncressed tracking
distance at Jjoints Detween the shell sectiune. The
thermal insulation i1l be a glass Cfiber blanket
enclosed amst of ceramic fiber and s thermal

(T) XYD:R s a registered trademark of Dart
Induseries, Inc.

(T) RAPTON is & registersd trademark of K. 1. Dupont,
tne.



Fig. 5. ZTH Innerspace Spacer,

rusiszance will not be constant due to tne non wuniform
innerspace width, The primary purpose of the thernal
layer {s to prevent excessive cemperatures &t the
electrical {nsulation and to keep the liner ar s
unifora temperatura. Current calculations predict
temperatures outside of the thermal blanket as lower
than 100°C in a macro view,

Dasign Jncertainties

The design decalled {in this report {s wstill
prelidinary in some aspects. Srill panding are results
oft a*liner FEM sctress analyeis, a transient heat
transfer analysis of the front end cross section, and a
vacuum tcat program for the helicoflex seal. Some
areas of the design could change as a result o these
studies.



